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(57) ABSTRACT

By virtue of the ability to vary local load via inverter (e.g.,
solar PV 1nverter) volt-ampere reactive power (VAR) 1njec-
tion, local demand and energy consumption can be controlled
at a system level. Utilities that provide solar PV systems to

consumers can leverage this ability to reduce the purchase of
high cost energy. Moreover, revenue for such utilities can be
maximized. For example, such localized voltage and VAR
control allow for precise control to achieve, e.g., plus or
minus about two percent of kKW and KkWHr of power con-
sumed at a node.
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CONTROLLING DEMAND AND ENERGY
THROUGH PHOTOVOLTAIC INVERTERS
DELIVERING VARS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application i1s a continuation-in-part of
U.S. patent application Ser. No. 14/695,880 filed Apr. 24,
2015, which in turn claims priority from U.S. Provisional

Patent Application No. 61/983,634 filed Apr. 24, 2014, both
of which are incorporated herein by reference 1n their entirety.

FIELD

[0002] Various embodiments generally relate to voltage
and volt-ampere reactive power (VAR) management along
transmission and distribution network. More particularly,
various embodiments are related to controlling demand and

energy through the use of photovoltaic inverters that deliver
VARs.

DESCRIPTION OF THE RELATED ART

[0003] A primary purpose ol voltage control 1s maintaining
acceptable voltage (e.g. in the United States, as per the Ameri-
can National Standards Institute (ANSI) band, the voltage at
the service entrant 1s to be maintained between 120 volts plus
or minus five percent) at the service entrance of customers
served by a feeder under all possible operating conditions.
Electric utilities traditionally maintain distribution system
voltage within the acceptable range using transformers with
moveable taps that permit voltage adjustments under load.
Other methods include de-energized tap changers (DETC)
where the transformers are de-energized for changing the tap
setting and then re-energized once the tap 1s changed. When
utilizing the DETC method, the tap remains fixed once
changed and the voltage 1s not actively regulated. Voltage
regulators located in substations and on the lines, as well as
substation transformers are commonly used for voltage con-
trol purposes. These transformers can be referred to as Load
Tap Changers (L'1'Cs) and are equipped with a voltage-regu-
lating controller that determines whether to raise or lower the
transformer tap settings or leave the tap setting unchanged
based on “local” voltage and load measurements.

[0004] An optimal strategy for distribution feeder design
and operation 1s to establish acceptable voltage conditions for
all customers while meeting certain set objectives which
could be reducing energy consumption, reducing peak
demand, reducing line losses on the system (1n other words
maximizing eificiency), reducing voltage loss across the
teeder and stabilizing the voltage throughout the feeder. The
voltage profile along the distribution feeder and the flow of
VARSs on the feeder are typically maintained by a combina-
tion of voltage regulators and switched capacitor banks
installed at various locations on the feeder and 1n 1ts associ-
ated substation. Each voltage regulator includes a controller
that raises or lowers the voltage regulator tap position in
response to local (at the device) current, voltage, time of day,
or temperature measurements. Similarly, each capacitor bank
includes a controller that switches the bank on or off 1n
response to 1ts local measurements. These capacitor banks
serve as a source of reactive power that the electric utility can
position at any point on the feeder. Installing capacitor banks
at strategic locations on the feeder reduces the amount of
reactive power supplied by the transmission system, reduces
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the flow of VARSs from the substation to the loads, reduces the
current flowing from the transmission and distribution system
to serve a given load, reduces the associated electrical losses,
and increases the voltage at the point of the capacitor.

[0005] Traditionally, feeder voltage regulators and
switched capacitor banks are operated as completely inde-
pendent (stand-alone) devices, with no direct coordination
between the individual controllers. This may allow for main-
taining coarse voltage control and reactive power flow near
the controllers, but as these technologies apply to the primary
side (medium voltage side), are electromechanical, act
slowly, and are sparsely deployed, they provide highly sub-
optimal performance for meeting feeder level objectives such
as reduction 1n energy, reduction in demand, etc. Smart dis-
tribution voltage control achieves other operating objectives
in addition to the primary function of maintaining acceptable
voltage. A common smart distribution voltage control func-
tion may be referred to as Conservation Voltage Reduction
(CVR). With CVR, the system intentionally lowers the volt-
age on the distribution feeder to the lowest acceptable voltage
value to achieve valuable benefits to the electric utility and
consumers, such as reduced demand and energy consump-
tion. Smart VAR control uses complex algorithms to control
switched capacitors, feeder regulators and LTCs to control
VAR flow and feeder voltage as feeder conditions vary during
the day. However, rather than basing the control actions solely
on local measurements, the Volt-VAR control function bases
switching decisions on measurements taken at the substation
and/or end of the feeder, where total VAR flow and/or voltage
1s readily observable. As an example, when 1t 1s detected that
the VAR flow to the feeder 1s excessive at the substation,
remote control facilities are used to operate the switched
capacitor banks as needed. Still other techniques attempt to
(relying on meters) implement voltage and VAR optimization
by 1dentitying the “weakest” voltage nodes, and adjusting
L'TCs and capacitor banks accordingly to achieve smart dis-
tribution voltage control.

[0006] However, at least one drawback for each of the
above-noted schemes 1s their reliance on corrections on the
primary side of the distribution transformer. A substantial,
and variable part of the reactive voltage drop occurs across the
transformer reactance. This 1s either never sensed, or remains
uncompensated for without any secondary side fast and
dynamic Volt-VAR control devices. Moreover, medium volt-
age assets (1.e., LTCs and capacitor banks) are electrome-
chanical 1in nature and have limited life. In addition, both
L'TCs and capacitor banks can switch only a few times a day,
typically 2-10 times a day. The actuation process takes any-
where from 30 seconds to 15 minutes depending on the set-
tings of the asset (LTC, capacitor bank, etc.). Further, capaci-
tor banks once switched ofl need several minutes of discharge
time before they can be re-engaged. Due to all these limita-
tions of primary side asset, voltage VAR control achievable
through the control of primary side assets 1s not only sub-
optimal, but 1s also severely limited. Furthermore, with dis-
tributed generation (DG) such as solar photovoltaic (PV)
systems, being introduced on the grnid at an ever increasing
rate, the eflicacy of these sparsely deployed primary assets 1s
highly diminished, and as DG and electric vehicles (EVs)
increase, the load distribution and dynamics will change pro-
gressively. Consequently, 1t would require re-visiting the
placement of the primary side assets more frequently which
would essentially increase operating expenditure for utilities.
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[0007] The increase in mtroduction of solar power can be
attributed to an increase 1n the number of solar power utilities
being formed to facilitate broad deployment of distributed
energy technologies such as rooftop solar PV systems. For
example, policies 1n some countries provide subsidies and
incentivize the installation of residential and commercial
solar PV systems through two mechanisms namely, feed-in
taritls (FI'T) and net energy metering (NEM).

BRIEF SUMMARY OF THE DISCLOSURE

[0008] In accordance with one embodiment, a computer-
implemented method for voltage and volt ampere reactive
(VAR) control of a power system comprises: determining net
power drawn at a load; determining a first price associated
with power provided by a first utility; and determining a
second price associated with power provided by at least a
second utility. The computer-implemented method further
comprises at least one of mnjecting and absorbing VARSs to
increase or decrease energy consumption based upon a com-
parison between the determined net power drawn at the load,
the first price, and the second price.

[0009] Inaccordance with another embodiments, a system,
comprises at least one load distributed along and receiving
power from a feeder of a power grid. Moreover, the system
comprises a solar power system 1installed at the at least one
load, wherein the solar power system generates solar power,
and wherein an inverter of the solar power system 1s operative
to at least one of 1ject and absorb VARSs to increase energy
consumption based upon a comparison between a determined
net power drawn at the at least one load and a contracted price
tor the recerved power and a current market price for power.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The present disclosure, in accordance with one or
more various embodiments, 1s described 1n detail with refer-
ence to the following figures. The figures are provided for
purposes of illustration only and merely depict typical or
example embodiments.

[0011] FIG. 1 illustrates an example power system using a
conventional voltage and VAR control scheme.

[0012] FIG. 2 1s a chart illustrating example local voltages
along a feeder 1n a conventional system.

[0013] FIG. 3 illustrates a power system with edge of net-
work grid control 1n accordance with various embodiments of
the technology disclosed herein.

[0014] FIG. 4 1s a chart illustrating example local voltages
along a feeder 1n a power system with edge of network grid
control where a voltage VAR optimization device 1s enabled
in accordance with various embodiments of the technology
disclosed herein.

[0015] FIG. 5A illustrates an example voltage profile of a
conventional power system.

[0016] FIG. 5B illustrates an example voltage profile of a
power system with edge of network grid control enabled in
accordance with various embodiments of the technology dis-
closed herein.

[0017] FIG. 6 1s a schematic representation of an example
power system and load model.

[0018] FIG. 7 illustrates a simplified schematic representa-
tion of the example power system and load model of FIG. 6.

[0019] FIGS. 8A, 8B, 8C, and 8D illustrate example effects
of implementing various embodiments of the technology dis-
closed herein with regard to primary and secondary voltages.
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[0020] FIG. 91s a graph illustrating an example local oper-
ating point of a power system comparing a scenario where
edge of network grid control 1s enabled to a scenario where 1t
1s not.

[0021] FIG. 10 illustrates a characteristic plot for load volt-
age and VAR plot of an example power system with grid edge
control.

[0022] FIG. 11 illustrates example control range over
which VAR i1njection 1s controlled at each load of the system
with Gnid Edge Control whose load voltage and VAR plot 1s
illustrated 1n FIG. 9.

[0023] FIG. 12 1s a schematic representation 1llustrating an
example comparison between primary and secondary side
VAR control.

[0024] FIG. 13 1s a graph 1illustrating an example feeder
level characteristic curve of a power system 1n which a sce-
nario with voltage and VAR control 1s enabled 1s compared
with a scenario in which 1t 1s not enabled.

[0025] FIG. 14 illustrates an example of feeder control 1n
accordance with various embodiments of the technology dis-
closed herein.

[0026] FIG. 15 illustrates an example control diagram for
elfectuating voltage and VAR optimization in accordance
with various embodiments of the technology disclosed
herein.

[0027] FIG. 16 1s an operational flow chart illustrating
example processes performed for achieving voltage and VAR
optimization 1n accordance with various embodiments of the
technology disclosed herein.

[0028] FIG. 17 illustrates an example power system 1ncor-
porating solar energy generation in which various embodi-
ments may be implemented.

[0029] FIG. 18 illustrates an example power system 1ncor-
porating solar energy generation 1n which a GEU can control
voltage locally via VAR 1njection in accordance with one
embodiment.

[0030] FIG. 19 illustrates an example power system 1ncor-
porating solar energy generation 1n which a GEU can control
voltage locally via VAR 1njection 1n accordance with another
embodiment.

[0031] FIG. 20 illustrates an example power system 1ncor-
porating solar energy generation 1n which a GEU can control
voltage locally via VAR 1njection 1 accordance with still
another embodiment.

[0032] FIG. 21 illustrates another example power system
incorporating solar energy generation imn which a GEU can
control voltage locally via VAR 1njection 1n accordance with
various embodiments.

[0033] FIG. 22 1s a flow chart illustrating example opera-
tions performed for controlling voltage via VAR injection in
accordance with various embodiments.

[0034] FIG. 23 15 a schematic representation of an example
computing module that may be used to implement various
features of embodiments described 1n the present disclosure.
[0035] The figures are not exhaustive and do not limit the
present disclosure to the precise form disclosed.

DETAILED DESCRIPTION

[0036] As alluded to previously, conventional voltage and
VAR control relies on assets that are on the primary side of the
feeder and assumes an averaged model for the devices. FIG.
1 illustrates an example power system 100 that i1s utilizing
conventional voltage and VAR control. In the illustrated
example, the power system 100 may include a local zone 102,
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a regional zone 104, and a substation zone 106. The local zone
102 may include customer loads 108 that may be highly
variable and stochastic. As can be appreciated, there 1s no
voltage control 1n the local zone 102.

[0037] The regional zone 104 may include the aforemen-
tioned switched capacitor banks 110 that provide VAR con-
trol. The control provided by the switched capacitor banks
110 may be slow and “lumpy.” For example, the switched
capacitor banks 110 may be switched only, e.g., two to three
times a day. Further, the response time of a capacitor bank can
be on the order of several seconds to minutes. Moreover, they
cannot compensate for the voltage drop across distribution
transiformers that result in significant amounts of volatility at
the grid edge. Moreover, problems can occur with, e.g., long
rural circuits with voltages that can tend to fall well below the
mimmum voltage limaits, circuits with large amounts of solar
power 1njected therein which can cause voltages to rise and
tall with the overhead passage of the sun and/or clouds. The
regional zone 104 may contain line voltage regulators (LVR)
for voltage control. LVRs suffer from similar problems of
slow response and limited number of switchings per day.

[0038] The substation zone 106 may include L'ICs, e.g.,
LTC 112, that provide voltage control. Voltage, current, and
power tlows may be measured and fed to a supervisory con-
trol and data acquisition (“SCADA”) system(s) (not shown).
Performance of the electric grid (e.g., losses, generation,
demand, etc.) may be optimized according to a modeling and
measurement-based optimization that drives the settings uti-

lized for the LTCs, LVRs and capacitor banks.

[0039] It should be understood that the range of control for
conventional voltage and VAR control 1n a power system,
such as power system 100, tends to be limited and typically
centralized. For example, and with regard to the substation
zone 106, controlling the setting of LTC 112 can allow control
of the feeder voltage to be achueved with a control range of
approximately plus or minus eight percent. A one percent
drop 1n voltage, for example, may reduce power by about 1
percent and capacitor bank VARs by about two percent.
Accordingly, in the regional zone 104, capacitor bank 110 can
inject VARs resulting 1n an increase 1n voltage on the primary
side of the feeder. The voltage (240 Volt base) may be
increased by about one to two volts for a typical feeder o1 300
kVARs. In the local zone 102, both the LTC 112 and the
switched capacitor bank 110 can regulate voltage for all con-
nected loads (e.g., houses 108) simultaneously. Nevertheless,
the LTC 112 and the switched capacitor bank 110 cannot
manage different actions needed at different load points. As
such, complex optimization cannot be realized using conven-
tional techniques.

[0040] FIG. 21llustrates an example of actual local voltages
along a feeder 1n a conventional power system, such as power
system 100 of FIG. 1. In the example 1llustrated 1n FI1G. 2, no
edge of network grid control 1s utilized. Therelfore, varying
levels of control efforts may be required at different nodes
along the feeder, which 1s not possible under a centralized
control scheme. As can be appreciated, LTCs cannot compen-
sate for the voltage drop across distribution transformers that
result i the illustrated voltage volatility at the grnid edge.
Again, a substantial, and variable part of the reactive voltage
drop occurs across the transformer reactance, which is either
never sensed, or goes uncompensated.

[0041] Accordingly, various embodiments are directed to
voltage and VAR control using edge of network grid VAR
source systems and methods. Such edge of network grid VAR
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source systems and methods may be deployed to an existing
power system and may be configured to work with existing
LTCs, LVRs and/or capacitor bank infrastructure. That 1is,
voltage and VAR control 1s delivered using edge of network
orid VAR sources, such as but not limited to, edge of network
orid optimization (ENGOQO) devices, smart inverters, smart
meters, electric vehicle charges, and the like (one outcome of
the voltage and VAR control being voltage and VAR optimi-
zation). Examples of VAR sources are described in U.S.
patent application Ser. No. 14/659,418 entitled “Systems and
Methods for Edge of Network Voltage Control of a Power
Grid,” which 1s incorporated herein by reference in 1ts
entirety.

[0042] By expanding the ubiquity of such devices that
deliver voltage control using edge of network grid VAR
sources, all levels/aspects of a power system can be con-
trolled. That 1s, utilizing such edge of network grid VAR
sources can elffectuate control at the customer level (e.g., load
zone). An aggregate ol customer level control can result 1n
cifectuating control at the feeder level (e.g., regional zone).
Upon gaining control of an aggregate of feeders (e.g., substa-
tion level), an entire power system or wide area electric grid
network can be controlled. It should be noted that as utilized
herein, the term VAR source can refer to any autonomous or
remotely controlled electronic device capable of directing
VARSs 1nto an electric grid entry point. Again, examples may
include but are not limited to a dedicated VAR source, such as
an ENGO, a static synchronous compensator (STATCOM),
an inverter or smart (e.g., solar) mverter that can deliver
VARs, a VAR-enhanced smart meter, an electric vehicle
charger, an ENGO device, a smart home automation device,
etc.

[0043] In particular, decoupled volt and VAR control at the
teeder level 1s provided. Various embodiments may also pro-
vide dynamic lead-lag VAR support for the sub-transmission
network. An unprecedented control of feeder voltage profile
1s provided. Grid optimization such as line loss reduction and
peak demand reduction is realized. Grid integration such as
distributed PV, load/source dynamics mitigation 1s also real-
1zed. Grid support, such as weak node voltage support and
reduced momentary impact 1s provided. Further still, various
embodiments may provide automatic power factor control at
the node and/or feeder level. It should be noted that feeder
health may be ensured for various embodiments’ visibility to
teeder level secondary voltages. Still other embodiments may
integrate decentralized control with centralized command.
Additionally, 1t should be appreciated that power systems
utilizing voltage and VAR control in accordance with various
embodiments are less susceptible to and/or resilient with
respect to unit/device failure.

[0044] FIG. 3 illustrates an example power system 300 1n
which edge of network grid voltage and VAR control may be
implemented 1n accordance with one embodiment of the tech-
nology disclosed herein. As illustrated in FIG. 3, distributed
VAR devices such as edge of network grid optimization
(ENGO-V) devices may perform edge of network grid opti-
mization. FI1G. 3 1llustrates one example of a distributed VAR
device 302 (which as indicated previously, may be an
ENGO-V device). Distributed VAR device 302 may be a
decentralized and distributed voltage and VAR regulator unait.
Distributed VAR device 302 may have implemented therein,
regulation, monitoring, and communications functionalities.
An ENGO-V device can provide fast, autonomous, variable
responses, as well as system analytics and diagnostics, and 1s
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one of a plurality of edge of network grid devices that can be
utilized to achieve voltage and VAR control as disclosed
herein.

[0045] FIG. 4, similar to FIG. 2 illustrates examples of

actual voltages along a feeder 1n a power system. However,
the power system whose voltages are charted i FIG. 4 uti-
lizes a voltage and VAR control device, e.g., distributed VAR
device such as an ENGO-V. In contrast to the voltage 1llus-
trated 1n FIG. 2, the voltage illustrated in FIG. 4 can be
appreciated as being less volatile. This 1s because the voltage
and VAR control device can provide corrective measures at
cach individual node at a specific time. Bars 402 1llustrate this
corrective effort at each individual node at a specific time. It
should be noted, however, that different control efforts may
be needed at different nodes at different mstances in time.
Regardless, 1t can be appreciated that the minimum feeder
voltage of the day 1s improved (going from just over 230 Volts
to just over 235 Volts 1n this example), the voltage 1s distrib-
uted more evenly, the secondary side voltage 1s more stable,
etc

[0046] FIGS. SA and 5B illustrate the respective voltage

profiles of a conventional power system and a power system
configured in accordance with various embodiments, 1.e.,
where voltage and VAR control 1s delivered using edge of
network grid VAR sources. As illustrated in FIG. SA, the edge
ol network grid voltage of the conventional power system
without edge of network grid control 1s volatile/unstable and
experiences extended periods of low voltages. The lowest
voltage points migrate to different nodes 1n the system at
different times of the day.

[0047] In contrast to the voltage profile illustrated in FIG.
5A, the voltage profile i1llustrated in FIG. 5B 1s flattened. In
the 1llustrated example, the edge of network grid VAR source
has a setpoint of 240 V. As can be appreciated, the voltage
volatility 1s reduced, the secondary and primary side voltage
profile 1s improved, and additionally, self-regulating power
factor correction and the ability to control feeder VARs are
also provided. Significant levels of voltage loss reduction 1s
observed. It should be noted that an additional margin of 7V
1s obtained for achieving enhanced energy savings, demand
control efc.

[0048] FIG. 6 1llustrates an example diagram of a power
system 600 1n which voltage and VAR control 1s effectuated in
accordance with various embodiments. The illustrated power
system 600 may be modeled as including a feeder 602, a load
604, and an edge of network grid VAR device 606 in accor-
dance with one embodiment. The power system and load
model may include, e.g., a 25 kVA Transtormer (7 kV/240V),
s1x percent impedance (including line), a Load with 5-25 kVA
and 0.7 to 1.0 PF, a distributed VAR device (e.g., an ENGO
device) that may provide 0-10 kVAR leading, a 3 MW feeder,
a 300 kVAR/phase primary capacitor bank, and a transmis-
sion line, where the line impedance 1s 5.65 ohms and line
length 1s 3 miles. It should be noted that although the 1llus-
trated example includes a shunt load model, one of ordinary
skill 1n the art would understand that other types of load
models may be used while still achieving the same or similar
results as disclosed herein.

[0049] The feeder model may include an LTC 608, line
impedances, primary capacitor bank 610, load 604 (kW/
kVAR), and distributed VAR device 606. The primary voltage
V .~ -1s not substantially impacted by one individual load, but
may be impacted by the voltage at the substation as well as the
aggregated feeder load and VARs. The load voltage Ve can be
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defined as V 5, minus the voltage drop across transformer
614. The load voltage varies with V.., load kW (P) and

kVAR (Q). Furthermore, the distributed VAR device 606 may
impact the effective kVAR (Q) tlowing into the feeder 602. It
should be noted that a single load 1s too small to change the
primary voltage.

[0050] FIG. 7 illustrates a simplified model 700 for local
edge of network grid control, comprising a transformer and
load model such as that illustrated 1n FIG. 6. On the load side
702, adistributed VAR device 704 (e.g., an ENGO) may inject
kVARs to maintain the voltage according to a voltage set
point. However, the primary voltage on the primary side may
be considered to be independent of the voltage on the load
side, as a single distributed VAR device, with its small rating,
cannot 1impact the voltage on the primary side. However, by
working against the impedance X . of transtormer 706, the
distributed VAR device can regulate the voltage on the sec-
ondary side.

[0051] Within 1ts control range, a distributed VAR device

may transform the load side to a voltage source. The primary
side reactive power tlow (KVARSs) may be controlled by con-
trolling the voltage set point. When the voltage set point V
1s set higher than the primary voltage V .., reactive power
flows from the secondary side to the primary, while the oppo-
site happens when Vz; 1s higher i magnitude than V.
When the voltage set point V_ 1s set to equal to the primary
voltage V .., unity power factor 1s realized.

[0052] Importantly, a further advantage results from the
application of voltage and VAR control as disclosed herein
that 1s unexpected as illustrated in FIGS. 8A-8D. FIG. 8A
illustrates an example chart reflecting the primary (substation
voltage) at approximately 24’7 Volts and secondary voltages at
a plurality of nodes across a feeder line. The ANSI low volt-
age limit 1s at 228 Volts. FIG. 8B illustrates a scenario 1n
which, 1 an attempt to save some energy by dropping the
voltage at the primary and secondary sides, e.g., by approxi-
mately 1.5 percent. However, ANSI violations begin to occur,
as the secondary voltages begin to dip below the ANSI low
voltage limit. As 1illustrated 1n FIG. 8C, when voltage and
VAR control 1s enabled, the primary and secondary voltages
“meet” (e.g., to within approximately one percent) thereby
climinating the inductive loss observed 1n FIGS. 8A and 8B
due to the voltage drop across transformers and lines, which
conventionally can result 1n, e.g., seven to eight percent dii-
ference between primary and secondary voltages. Addition-
ally, ANSI violations cease as well. FIG. 8D 1llustrates that
advantageously still, voltage can be dropped, in this example,
by approximately five percent without introducing ANSI vio-
lations. Thus five percent energy savings can be realized
without the problems experienced 1n conventional power sys-
tems. It should be further noted that voltage and VAR control
devices need not be present at each and every node 1n order to
realize the above-described advantages—a very unique
aspect of the technology disclosed herein. That 1s, with only
some of the nodes having voltage and VAR control enabled,
the same or substantially similar trends 1n voltage profile still
result—a seli-balancing effect 1s observed at a feeder level.

[0053] Theexample scenario i1llustrated by the voltage pro-
files shown 1n FIGS. 8A-8D and explained above suggests
that various embodiments are able to provide voltage and
VAR control on the secondary side at a connected node, as
well as at other points on the feeder, even where VAR source
devices are not connected. This means that system-level
improvements are being realized automatically without any
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need (or little need) for some centralized control system/
mechanism(s). That 1s, as more edge of network grid VAR
source devices are added to secondary feeders connected to a
primary distribution circuit, the power system is able to auto-
matically self-balance to the point where the primary voltage
becomes equal to the secondary voltage setpoint. This can
provide a distinct advantage, e.g., over systems and methods
that rely on controlling voltage through a series-connected
device, which may improve voltage control at one specific
node, but can also degrade the voltage at other nodes on the
feeder.

[0054] Further to the above, the ability to automatically
seli-balance allows the feeder to be operated with a controlled
power factor. Adding the ability to control each edge of net-
work grid VAR source device as an individual unit or 1n the
agoregate allows for, e.g., managing solar PVs’ eflfects on
individual circuits without sacrificing overall grid stability
and voltage and VAR optimization benefits.

[0055] FIG. 9 illustrates an example of a local operating
point and characteristic curve of the power system of FIG. 6
with and without edge of network grid VAR source devices
enabled. Again, the power system can comprise a 25 kVA

Transtormer (7 kV/240V), six percent impedance (including
line), a load with 5-25 kVA and 0.7 to 1.0 PF, a distributed

VAR device (e.g., an ENGO device) that may provide 0-10
leading kVAR, a 3 MW feeder, a 300 kKVAR/phase primary
capacitor bank, and a transmission line, where the line imped-
ance 1s 5.65 ohms and line length 1s 3 miles.

[0056] When the distributed VAR device 1s disabled, the

load voltage V¢ varies linearly with the primary voltage V ...
However, the load voltage 1s desired to have a narrow range
(e.g., 240+/-1 volt). When the distributed VAR device 1s
enabled, the load voltage Vc i1s regulated to the Vsetpoint
(e.g., 240+4/-1 volt) within its control range. As an example,
when'V . 1s inthe range o1 234 to 245 volts, V¢ 1s maintained
in the desired range (e.g., 240+/—1 Volts). Outside of the
control range, the distributed VAR device operates 1n a satu-
rated mode 1.e. 1t 1njects 1ts maximum/minimum capacity of
VARs and tries to maintain voltage regulation. Finally,
depending on the load power factor and loading level, the
VARs 1imjected 1nto the feeder (from secondary side to pri-
mary side or vice versa) vary. For example, with the primary
voltage at 235V, when the load VAR 1s lagging 4.9 kVAR, 1n
order to regulate the voltage V¢ to a setpoint voltage Vsp the
distributed VAR device may 1nject 10 kVAR leading reactive
power, so the system has a leading 5.1 kVAR total reactive
power. As another example, with the primary voltage at 243V
and with the load VAR still lagging at 4.9 kVAR, 1n order to
regulate the voltage V¢, the distributed VAR device may inject
1.4 kVAR and cause 3.5 kKVAR lagging to be sourced from the
primary side. Finally, a very unique result of this approach
can be 1llustrated by considering Point A which shows zero
reactive power injection when the primary voltage V.,
equals the setpoint voltage (Vc=Vsp=V 55 ,).

[0057] FIG. 10 1illustrates a load voltage and reactive power
plot of a power system with a distributed VAR device enabled
in accordance with various embodiments. The Vsetpoint 1s set
to 240 Volts. As illustrated, the load voltage V¢ and the pri-
mary voltage V., as well as the load level may be varied
over the target range. The voltage regulation 1s achieved over
a wide primary voltage and output power range shown as the
flat rectangular region.

[0058] FIG. 11 illustrates the VAR control range as a func-
tion of primary voltage V ., as load power 1s varied from 3
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kVA to 25 kVA at a fixed power factor o1 0.9 pt. As 1llustrated,
the primary side reactive power 1njection can be varied as the
primary side voltage and load level 1s varied. When the pri-
mary side voltage V .., equals the secondary side set point
voltage (Vc=Vsp), the ijected reactive power level 1s zero,
delivering unity power factor, it should be noted that this
occurs regardless of the power level and power factor of the
load. As such, via the voltage set point control, leading or
lagging reactive power may be delivered. A unity power fac-
tor operation may be achieved, independent of actual load
VARs, by maintaining voltage setpoint V at a value equal to
the primary side voltage. This 1s achieved without any sensing
of the actual load current or VARSs (1.e., independent of VAR
measurements) (nor without knowledge of feeder topology,
1.€., independent of feeder topology information), resulting 1n
substantially simpler implementation as compared to tradi-
tional power factor correction devices that require current
measurement and phase angle information between voltage
and current. That1s, voltage VAR control that can be achieved
in accordance with various embodiments does not require
knowledge of the topology of the feeder, and only relies on
basic connectivity, which 1s 1n sharp contrast to existing volt-
age VAR optimization schemes that rely on the topology of
the feeder. Any change 1n topology occurring due to a fault
detection 1solation and/or restoration scheme changes the
feeder topology, and substantially changes the optimization
done previously. The independence from topology 1n realiz-
ing voltage VAR optimization is very novel. It should be noted
that, as described herein, the more distributed VAR sources
that are present, the more easily/certain seltf-balancing can be
achieved. Accordingly, the number of VAR sources that may
be needed to achieve self-balancing can depend on topology,
although once a threshold of VAR sources 1s met, topology
information need no longer be relied upon. The method of
operating a system at unity power factor without sensing
current and phase angle information with the use of only
voltage measurements and setpoint control 1s completely
unmque, highly counterintuitive and has never been concerved
or thought before, 11 not felt impossible to achieve.

[0059] Returning to the power system modeled 1n FIG. 6,
on the primary side, an injection of 100 kVAR reactive power
per phase may yield a voltage difference at 2.8 Volts on a 240
V base. The voltage change per unit reactive power 1s 0.028V/
kVAR. On the secondary side, an injection of 10 kVAR/phase
may yield a voltage difference at 5.6 volts on 240V base. The
voltage change per unit reactive power 1s 0.56 V/KVAR.
Theretore, the impact of secondary side control 1s already 20
times greater than that of the primary side.

[0060] Reactive power injected by each individual distrib-
uted VAR device may be aggregated on the primary side to
provide additional voltage regulation. For example, ten dis-
tributed VAR devices, each of which have 10 kVAR may
provide a total of 50 kVAR reactive power on the primary side
to provide a 1.4 Volt boost, which amounts to a total of 7 Volts
on the secondary side. In addition, each load coupled to the
distributed VAR device may observe different control action
as needed, which 1s not possible under conventional central-
1zed command and control.

[0061] FIG. 12 1llustrates how the local level model devel-
oped 1n FIG. 6 can be aggregated to understand and achieve
feeder level control. As more distributed VAR sources, which
are regulating the voltage at the local terminals, increase on
the system, provided that all the VAR sources are regulating
the voltage to the same level (or nearly the same) for instance
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say a voltage setpoint Vsp, 1t 1s observed that the primary side
voltage also becomes equal to this setpoint voltage Vsp. This
can be explained as follows, considering a plurality of dis-
tributed VAR source devices all set to the same voltage set-
point, when the primary voltage 1s lower than the setpoint
voltage, VARs start flowing from the VAR source device to
the primary side until the voltages equalize and the VARSs stop
flowing. Likewise, if the primary voltage 1s higher than the
setpoint voltage, VARs from the inductive load are pulled,
again, until the voltages equalize. By running multiple edge
of network grid VAR source devices at the same or similar
voltage setpoints (but still tweakable to compensate for cer-
tain drops/increases ), this results 1n the aforementioned seli-
balancing aspect of the technology disclosed herein. Now, the
feeder 1s reduced to a model that can be thought of as a voltage
source (VLTC) 1202 representing the substation transiormer,
and inductive component 1204 representing line impedances,
and a second voltage source V=V _ 1206, as a result of the
seli-balancing aspect of this control. As alluded to previously,
when the two voltages are equal, 1 this case
VLITC=Vpeq=Vsp, the reactive power flowing within the
substation transformer 1204 becomes zero, and unity power
factor operation 1s obtained at a feeder level. This 1s indepen-
dent of the total real and reactive power being demanded by
loads on the system at any instant of time. Therefore, irre-
spective of the operating condition of the feeder and without
any knowledge and visibility of local loads or even feeder
level real or reactive power and/or current/voltage, the volt-

age and power factor of the entire feeder can be regulated with
a simple setpoint control.

[0062] Essentially, power factor compensation can be
determined without the need for measuring load power factor.
Additionally still, secondary side voltage can be increased
above the substation voltage VLTC resulting 1n leading VAR
flowing 1nto the power system or secondary side voltage can
be decreased below the substation voltage VL TC resulting in
lagging VARs flowing into the power system. As such, the
feeder can be “converted” from a stochastic problem into
what 1s essentially a feeder-level STATCOM. Two very
unique properties are realized: first, by controlling the differ-
ential voltage (VLTC-Vsp) the reactive power on the feeder
1s controlled dynamically, achieving a STATCOM-like func-
tionality from the feeder; second, by controlling the common-
mode voltage (VLTC+Vsp)/2, real power can be controlled.
For example, up to +/-5% of demand control can be achieved
with controlling the common-mode voltage.

[0063] FIG. 13 illustrates an example feeder level operating
point of a feeder 1n which a distributed VAR source devices
are both enabled and disabled. As illustrated, when a distrib-
uted VAR device 1s enabled, independent of load VAR, when
the primary voltage V., ~=Vc (=Vsp setpoint voltage), no
amount of reactive power 0 KVARSs 1s 1njected 1nto a feeder.
By changing the primary side voltage V ».,or V¢ setpoint, the
amount of reactive power (1.¢., lead or lag VARs) delivered to
feeder may be regulated. As such, compared with primary
capacitor banks, various embodiments may realize at least
twenty times the level of feeder level VAR control. By setting,
the L'TC set point (1.e., V ;) equal to the setpoint voltage (Vc
setpoint) unity power factor at the feeder can be ensured.
Varying LTC or Vc setpoints may deliver fast controllable
lead/lag VARs at the substation. Furthermore, independent
demand control, energy reduction, energy efficiency and

teeder VARs 1s also provided.
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[0064] FIG. 14 illustrates an example feeder control in
accordance with one embodiment of the technology disclosed
herein. One example of the feeder parameters may be as
follows: 3 MW @ 0.95 PF at peak loading (900 kVARs
lagging); 1 MW (@ 0.9 PF at minimum load (400 kVAR
lagging); Fixed capacitor bank of 300 kVAR; 60 ENGO V10
units for a maximum of 600 kVAR.

[0065] FIG. 15 illustrates an example control diagram. A
user may input an optimization function such as CVR, loss
minimization etc. into an optimizer which computes the set-
points V.. for all the distributed VAR devices on a power
system. These setpoints may be exactly the same or somewhat
different. These setpoints are dispatched to all the distributed
VAR devices through a communication channel (wired or
wireless). This achieves the objective of local control. The
controller may take inputs from capacitor banks and a Line
Voltage Regulator (LVR), 1n addition to the distributed VAR
devices to compute the setpoints. When all the distributed
VAR devices work together, they start impacting the regional
level VARs and collectively atfect the feeder reactive power.
Although not necessary, the reactive power reference value
Qrel and the measured reactive power (Qsub may be also
provided as an input to the optimizer, if reactive power control
1s the objective. The optimizer may then use these values to
determine the desired LTC voltage V,.~. For example, to
achieve CVR keeping the power factor of the system at unity,
the voltage of the LTC may be reduced to a target that
achieves the CVR benefits. The setpoint voltage of a distrib-
uted VAR device may be matched to the LTC voltage to
ensure zero net reactive power.

[0066] FIG. 16 illustrates an example flow chart for opti-
mizing voltage and reactive power 1n accordance with various
embodiments. At operation 1602, voltages from all distrib-
uted VAR source devices 1n a power system are obtained, as
well as capacitor bank status and LVR tap settings. At opera-
tion 1604, a user-defined optimization function is read/ana-
lyzed to determine desired optimization. At operation 1606, 1f
available, the reactive power () 1s read at the substation level
as well as a reference reactive power Q specified by the user.
It should be noted that one or more of operations 1602-1606
may be optional. As previously described, parameters such as
the reactive power Q may not be needed, capacitor bank(s)
need not be controlled/connected to/compensated for. How-
ever, to fine-tune system operation, obtaining such param-
eters can be performed and voltage setpoints can be dertved
therefrom. At operation 1608, an optimizer 1s run to compute
the setpoint voltages for each distributed VAR source device
as well as the setpoint voltage for the LTC. At operation 1610,
the voltage setpoints are dispatched to the distributed VAR
source devices and the setpoint voltage for the LTC 1s likewise
dispatched to the LTC. If all the distributed VAR source
device voltages are determined to be above a minimum volt-
age limit at operation 1612, optimization can be completed at
operation 1614. If the distributed VAR source device voltages
are below some minimum voltage limit (determined at opera-
tion 1612), it 1s determined whether the distributed VAR
source devices that violate the mimimum voltage limit, are
saturated at operation 1616. If so, the LTC voltage setpoint 1s
increased at operation 1620. I not, the voltage setpoints for
all the distributed VAR source devices that have violated the
minimum voltage limit and are not saturated are increased at
operation 1618. The process returns to operation 1610 to
dispatch these increased voltage setpoints.
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[0067] Ata system level, the voltage profile and VARs at a
substation can be independently controlled by adjusting
VLICandV, independently. V_ canbe set to be the same tfor
all the distributed VAR devices, or the setpoint voltage be set
differently. A VLTC can be controlled to adjust the voltage
and the VARSs similar to the manner discussed above. Those
skilled 1n the art would appreciate that the distributed VAR
sources using the described approach may cover only 15-20%
of the nodes on the system and yet achieve a completely tlat
voltage profile across the feeder by virtue of the self-balanc-
ing feature. This capability 1s not feasible under conventional
state-of-the-art systems and methods, where VAR control
typically requires capacitor banks to be switched, and is thus
limited 1n terms of dynamic capability. The switched capaci-
tor banks also do not allow compensation of varying voltages
at individual nodes. The overall value delivered to utilities
thus includes individual node voltage control, voltage tlatten-
ing across the feeder, feeder level power factor control, pri-
mary side voltage control, enhanced conservation voltage
reduction, dynamic and enhanced demand control and feeder
level dynamic VAR control—all using VLIC and V, as the
controlled vaniables.

[0068] Various embodiments provide an unprecedented
V/Q control range. Regulating D-VAR voltage setpoint may
provide demand and CVR management. A wide range of
decoupled voltage and VAR control 1s provided. By regulat-
ing the LTC setpoint equal to the distributed VAR source
device setpoint, zero reactive power flow 1s realized thereby
achieving a unity power factor operation. As an example,
those skilled 1n the art would appreciate that with this
approach even with only leading VAR sources regulating
local voltages to a defined setpoint Vsp such as ENGO
devices, an effective lead-lag reactive power control at the
substation can be achieved.

[0069] As alluded to previously, subsidies and incentiviza-
tion of the installation of residential and commercial solar PV
systems may occur through two mechanisms FIT and NEM.

[0070] Under the FIT scheme, a consumer 1s paid for
energy produced by a solar PV system at a (sub-retail) rate
determined by the distributor or retailer of electricity (tradi-
tional utility). This typically requires the use of two meters,
¢.g., one meter for computing the energy consumed by the
consumer’s household or business, and another meter for
computing the energy produced by the consumer’s solar PV
system.

[0071] In contrast, under the NEM scheme, energy pro-
duced by a solar PV system 1s first used by the consumer, with
any excess energy produced being sold back to a traditional
power utility at a rate determined by the distributor or retailer
of electricity. In this manner, NEM tends to first lower the
clectricity bills of the consumer by virtue of the consumer
being able to utilize solar power rather than energy provided
by a traditional power utility. If excess energy 1s generated,
the consumer 1s then paid (or given a credit) for that excess
solar PV system-generated energy.

[0072] Although FI'T provides direct incentives for produc-
ing clean solar energy (where in some cases, regulatory
authorities even pay a premium price for the energy produced
by solar PV systems), and though the cost of solar PV system-
generated energy has declined over recent years, the justifi-
cation for premium FIT programs has become weak. As a
result, the FIT scheme 1s being phased out by many utilities
around the world.
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[0073] NEM, onthe other hand, 1s still relied upon by many
utilities, e.g., 1 the form of net-FITS for excess energy sold
back to the grid. Such utilities, also referred to as distributors
or “retailers” buy electricity from an electricity distributor
(responsible for “power connections” and maintaining assets
on the grid) and sell that electric power to consumers. Thus,
the majority of such electricity retailers do not own any lines,
transformers, or any other assets needed for distributing
power, yet are responsible for providing power/electricity to
consumers, as well as managing billing associated with the
sale of electricity. Additionally, some such retailers tend to
own clean power generation facilities such as medium-sized
solar farms, bio-gas plants, wind, wave power plants, efc.

[0074] Yet another model that drives consumers to install
solar PV systems on their rooftops 1s referred to as the Solar
Power Purchase Agreement or the Solar PPA. In accordance
with this Solar PPA model, the solar utility bears the cost of
the entire solar system and the installation (on consumers’
rooitops) costs. Once 1nstalled, the consumer pays the solar
utility an amount per KkWhr of solar power (generally lower
than that charged by the local utility as per the Solar PPA).
The total monthly solar bill paid by the consumer 1s for the
total amount of energy produced by the solar panels. As the
consumer pays a lower price per kWhr for the solar energy
produced than the amount paid to the electric utility, the
consumers have an incentive to install solar PV systems.
However, 1n such an arrangement, the solar utility does not
have any imcentive to effect demand control nor to play a role
similar to that of an electric utility, despite earning other
incentives such as sale of solar credits to other organizations,
guaranteed long term revenues, efc.

[0075] Today, many electric utility companies view distrib-
uted solar energy as a threat to their fundamental source of
revenue, 1.¢., the sale of electrical energy. As the penetration
of solar PV systems increases (at an exponential rate in many
parts of the world especially Germany, Australia, and Cali-
forma in the US), the threat may become a reality.

[0076] Accordingly, various embodiments are directed to
using one or more techniques discussed above to allow a new
type of utility to be realized, e.g., an electric utility or a solar
utility that can incentivize increasing distributed solar energy
on their existing systems (while simultaneously reaping the
benelits of active demand control, energy savings 1n certain
situations, and increased elfficiency without burdening the
consumers or requiring any regulatory transformations).

[0077] Such a utility, for the purposes of the disclosure
herein, can be referred to as a “green electric utility” or GEU.
In accordance with various embodiments, a GEU can bear the
cost of solar PV system installed on a consumer’s rooftop and
thereby eliminate the high upfront cost for the consumer.
Concurrently, the GEU can maintain complete control over
the solar PV system panels, while also distributing electricity
to the consumer just like an electric retailer utilizing, e.g., at
least one or more aspects of the control mechanism(s) 1llus-
trated 1n FIG. 15 and/or the control methodology illustrated in

FIG. 16.

[0078] In particular, a GEU may purchase electricity from
the wholesale electricity market at a price defined by the
market (e.g. at a locational marginal pricing (LMP) price at a
specific node). Additionally, the GEU may generate energy
from solar panels installed on 1ts customers’ rooftops at some
levelized cost of energy (LCOE), while selling electricity to
the customers as a combination of the electricity bought from
the wholesale electricity market and the electricity generated
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by solar PV systems installed on 1ts customers’ rooitops.
Further still, the GEU can control around plus or minus two
percent of the energy consumed by the customers using
“zero-droop voltage control” via VAR imjection from the
aforementioned solar inverters. It should be noted that, as
opposed to conventional voltage control as a function of
reactive power, zero-droop voltage control 1s utilized, where
a curve 1s used with a droop. This curve 1s essentially a linear
curve, where for every voltage, a specific amount of VAR 1s to
be mjected 1nto the system. However, to make sure that mul-
tiple mverters working with the same droop curve do not
begin hunting each other, the size of the droop 1s fairly large,
thereby consuming most of the aforementioned ANSI voltage
band/range. Further, a dead-band is also specified in the
curve, within this dead-band, the reactive power injection 1s
maintained to be zero. In other words, the inverters doesn’t
operate for the most part and needs to 1nject reactive power
only 11 the voltage goes outside of this dead-band. Again, to
ensure that multiple inverters do not begin hunting each other,
the size of this dead band is kept large 2-3%.

[0079] For example, as illustrated 1n FIG. 17, an example
power system 1700 1n which zero droop voltage control 1s
used by solar mverters 1706 to mject VARs. As described
above, a GEU can purchase electricity from the wholesale
clectricity market 1702, and solar panel(s) 1704 installed on
a customer’s rooftop can also generate solar energy. Meter
1708 could be used for computing the energy consumed by
the customer’s household or business. A GEU would be able
to then vary the local load via inverter VAR 1njection as
previously discussed. Besides solar inverters, other VAR
sources may include but are not limited to a dedicated VAR
source, such as an ENGO, a static synchronous compensator
(STATCOM), an inverter or smart (e.g., solar) mverter that
can deliver VARs, a VAR-enhanced smart meter, an electric
vehicle charger, an ENGO device, a smart home automation
device, etc.

[0080] A utility with these capabilities does not presently
exist due to, e.g., perceived low profit margins. However, a
GEU may utilize a “free” VAR source to control load demand
and energy consumed, and to use this “lever” to reduce the
purchase of energy at high cost and possibly sell more energy
at low cost, while maximizing revenues at a system level 1s
considered to be highly novel, contrary to the conventional
perception of low profit margin. Such localized voltage and
VAR control allows the GEU to precisely control the voltage,
and move 1t up/down at the local level to achieve as much as
about plus or minus two percent of the kW and kWHr con-
sumed at that node (as previously discussed). This level/
amount of control alone could be used by the GEU to 1ts
advantage to reduce energy purchases when the LMP {for
wholesale electricity 1s high, and to maximize revenues while
still delivering voltage within service agreement bounds.

[0081] As the number of solar inverters controlled by the
GEU 1n a certain region increases to beyond approximately
10% of peak feeder capacity, the GEU starts realizing energy
control benefits as high as about plus or minus five percent, a
significant amount. The GEU can use these inverters to affect
demand by about plus or minus five percent at a fairly fastrate
limited only by communication latencies. Generally, the
communication latencies will be on the order of several sec-
onds to a few minutes at most. Further, as variation in energy
prices occur at an hourly level (but could be as low as 15
mins ), these latencies will not pose problems 1n control. With
this approximate plus or minus five percent 1n energy control,
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the GEU can use aggregate energy and participate in ancillary
markets for frequency regulation, ramp rate control, and ACE
error control.

[0082] To the above, and as the cost of energy in spot
markets peak during the day and coincide with peak solar
generation, the GEU can use arbitrage by selling excess
energy produced by solar in spot markets and also precisely
throttle down the energy consumed by loads during these
lightly loaded conditions.

[0083] The fundamental equation that drives such a GEU
model at a system level 1s given below:

Net Profit at any time 7 =

(| D (e Pia(t) = 7 Pis(0) = 7y (OP@) [P@) = ) Py — Py
|k | k

[0084] In the above equation, the variables are defined as
follows: m =wholesale price of electricity purchased by the
GEU; P(t)=total power purchased at time t; t_=price charged
by the GEU to the k” consumer for energy consumed; P, (t)
=power sold to the k”” consumer at time t; 7t_=price charged by
the GEU to the k™ consumer for energy produced by PV
panel; and P, (t)=power produced by the k” consumer’s PV
panel.

[0085] The uncontrolled variable in the above equation 1s
., P, (1), while the fixed variables are mt_ and m_, and the
controlled variables are P, (t) and P(t). By controlling, P, (1),
the utility can control P(t) and maximize the net profit at any
time t. Diflerent values and combinations of the variables in
the above equation can give rise to different models (the
objective being to maximize the net profit for the GEU).

[0086] In accordance with one embodiment, a first GEU
model can be referred to as a “Grid-Side GEU-Owned DER,”
where DER refers to “Distributed Energy Resources.” In this
embodiment, the GEU may sign a contract at a lower than
average price per KWhr for the electricity bought by the
consumer for the next 20 years that increases at about a 2-3%
rate every year, _. The GEU charges less to the consumer as
the consumer essentially “rents” his roof for the solar PV
system 1nstall. An energy sale=r P, ,. while the incentive for
the consumer 1s a reduction 1n electricity bills due to lower
than average rates at which the consumer may purchase
energy. FI1G. 18 illustrates an example power system 1800 1n
accordance with the above embodiment, where a solar PV
system (panel(s)) 1804 are installed per the GEU, and again,
the GEU canrely on an inverter 1806 to inject VARs as needed
while meter 1808 can track energy consumed (without dis-
tinguishing generated solar power which goes back to the
GEU) by the consumer’s household or business.

[0087] In accordance with another embodiment, a second
GEU model can be referred to as a “Consumer-Side GEU-
Owned DER,” where the GEU signs a contract at a price equal
to the average price per KWhr for the electricity bought by the
consumer for the next 20 years that increases at a 2-3% rate
every year, it_. Here, an energy sale=r_P,=mx (P, -P, ). Com-
pared to the first GEU model, an energy sale 1s a function of
the power sold to the consumer as well as the power produced
by the consumer’s solar PV system. The incentive for the
consumer in this second GEU model 1s a reduction 1n elec-
tricity bills through reduced net energy because solar energy
olfsets the net energy consumed by the consumer. Like FIG.
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18, FIG. 19 illustrates an example power system 1900 1n
accordance with the above embodiment, where a solar PV
system (panel(s)) 1904 are installed per the GEU, and again,
the GEU can rely on an inverter 1906 to inject VARs as
needed, and meter 1908 to calculate consumer energy usage

(again) as a function both power sold and (solar) power gen-
erated.

[0088] Inaccordance with yet another embodiment, a third
GEU model can be referred to as a “Solar PPA+Energy Bill-
ing” model. In this third GEU model, the GEU may utilize
two meters, one for charging the consumer for net electricity
consumed and the other for the energy produced by the con-
sumer’s solar PV panels. The rate at which energy produced
by the solar PV panels can be subsidized 1f the consumer 1s
willing to have a solar PPA for 20 vyears. In this third GEU
model, an energy sale=r_P,+n P, , where the energy sale 1s
hence a function of the total power and that produced by the
consumer’s solar PV system/panel(s). Here, the incentive for
the consumer 1s a reduction 1n bills as the net effective price of
clectricity 1s reduced. FIG. 20 illustrates an example power
system 2000 1n accordance with the above embodiment,
where a solar PV system (panel(s)) 2004 are installed per the
GEU. The GEU can rely on an inverter 2006 to inject VARs as
needed, meter 2008 for computing the energy consumed by
the consumer’s household/business, and meter 2010 for cal-
culating solar power produced.

[0089] In accordance with each of the above GEU models,
the GEU owns the solar PV systems. Moreover, the GEU can
control the solar PV systems (due to their location, size, etc.)
to 1n turn, control energy demand at will without impacting,
consumers’ quality of service (QoS). As alluded to above, this
can be achieved through a zero droop control of voltage (i.e.,
no droop between no-load to full-load which 1s fixed at a
certain level to affect demand control. In the long run, energy
savings and net efficiency improvements can also be
obtained. Further, with a high enough penetration of GEU-
owned solar PV systems, the GEU can also participate 1n
aggregated energy markets, and support VAR flow on the
primary side through the aggregation of secondary side VARSs
from the PV panels (as previously described). It should be
noted that this can be accomplished without breach of con-
tract 1ssues. It should further be noted that 1n all the above
models, the GEU always has full visibility into the amount of
energy generated by each solar panel. That 1s, any meters
implemented on different lines represent the quantities used
tor billing purposes.

[0090] FIG. 21 illustrates an example of the manner 1n
which a GEU can control energy demand to maximize its
profits. In FIG. 21, a power system 2100 1s shown as encom-
passing a first consumer house/business 2104a without a
solar PV system installation and a meter 2108a for computing
energy consumed by first consumer residence 2104a. Power
system 2100 also includes a second consumer house/business
210456 having a solar PV i1nstallation and meter 21085 for
computing energy usage, as well as a third consumer house/
business 2104¢ which also employs a solar PV system and
meter 2108¢ for tracking energy usage. In power system
2100, P,=P,,-P, ., and similarly P,=P,,-P, , where P1, P2
are the net real power drawn by the respective consumer
(house/business), P1h, P2h are the real power drawn by the
respective consumer (house/business), and Pls and P2s are
the real power produced by the respective solar panel(s) at any
point 1n time.
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[0091] FIG. 22 1s a flow chart illustrating example opera-
tions that may be performed to achieve demand/energy con-
trol 1n accordance with various embodiments. In particular,
FIG. 22 illustrates revenue optimization depending on vari-
able price at which electricity 1s bought from the market,
which can be achieved by using solar iverters” VAR control
capability without affecting “real power produced from the
panels.” Atany given point 1in time, 1f the net power (P,) drawn
by the consumer 1s positive and the price per Kk€Whr (5t ) that
the GEU has agreed upon with the consumer as per the long
term contract 1s higher than the current market price (7, ), then
the solar mverter would 1nject VAR such that the voltage at
the point of connection (Vi) becomes close to maximum
permissible voltage e.g. 1n the US, the maximum permissible

voltage 1s governed by the ANSI standard and has a value
126V.

[0092] That 1s, at operation 2200, the net power, the con-
tracted price, and current market price are obtained. At opera-
tion 2202, it1s determined whether net power drawn 1s greater
than zero (positive—i.e., power consumed 1s greater than the
(solar) power generated by the consumer). It so, at operation
2004, it 1s determined whether the (long-term) contracted
price 1s greater than the current market price for power. If the
contracted price 1s greater than the current market price, the
solar 1inverter(s) are used to inject VARSs until the maximum
permissible voltage 1s met/1s as close as possible to the maxi-
mum permissible voltage. At operation 2208, 1t 1s determined
whether the change 1n time, AT 1s greater than T,,. It should be
noted that changing or updating voltage settings for all solar
inverters continuously can be impractical, hence a time period
to change/update can be determined, e.g., by market rate
fluctuations, where T, can be anywhere from, e.g., 1 5 minutes
to 1 hour. As 1llustrated, these operations can repeat/continue
within time period T .

[0093] Returning to operation 2202, if the net power drawn
1s not positive, a determination 1s made at operation 2210
(similar to that 1n operation 2204) to determine whether the
contracted price 1s greater than the current market price. If so,
at operation 2212, a consumer’s solar inverter 1s commanded
to absorb VARSs such that the voltage at the point of connec-
tion V1 becomes as close to the minimum permaissible voltage,
¢.g. 1 the US, the minimum permissible voltage 1s governed
by the ANSI standard and has a value 114V. If not, the solar
iverter(s) are used to 1nject VARs until the maximum per-
missible voltage 1s met/1s as close as possible to the maximum
permissible voltage. The reverse 1s true when the net power 1s
exported to the grid. Returming to operation 2204, 1if the
contracted price 1s less than the current market price, again, a
consumer’s solar imverter 1s commanded to absorb VARSs such
that the voltage at the point of connection Vi becomes as close
to the mimimum permissible voltage. As also described above,
at operation 2214, 1t 1s determined whether the change 1n
time, AT 1s greater than T,. Such a method allows the GEU to
increase energy consumption and therefore revenue. The rev-
enue earned by the GEU 1s given by (rt_-m )P, At.

[0094] To summarize, the consumer 1s incentivized to
install a solar PV system because the consumer 1s able to
purchase electricity at a reduced rate as solar production 1s
charged at a lower amount than “regular” electricity. More-
over, the consumer need not pay any upiront cost for the solar
PV system, as it 1s owned and maintained by the GEU. Thus,
the consumer can “go green” without making any initial
investment.
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[0095] The GEU 1s incentivized under the models
described herein because the GEU can reap the same benefits
as conventional, present-day solar utilities, 1.e., 1t can sell the
solar credits, 1t can meet 1ts solar generation mandates (for
instance RPS mandates in the U.S.), 1t can hedge on the prices
of solar energy which could decrease over time and therefore
lock “today’s™ price with a fixed rate of increase every year
thereby minimizing the risk of the investment. Further,
because the GEU owns the solar mnverter and solar panel, 1t
has greater control over the way 1t manages the load. In
conventional systems/models, 11 an electric utility needs to
affect demand control, direct control over a consumer’s assets
such as air conditioners, water heaters etc., 1s required. Direct
control over loads reduces a consumer’s QoS. However, as
discussed above, if the GEU owns and controls a solar
inverter, it can directly control the demand by plus or minus
about two to five percent without any negative impact to QoS.
The consumer may not even notice a change 1n demand.

[0096] Further, the GEU can better manage 1ts fleet of dis-
tributed solar PV panels by having direct control. That 1s, the
GEU can better control situations that give rise to reverse
power tlow, controlled ramp rates, reduced voltage volatility,
and 1n general an improved level of grid control. If the GEU
starts providing services to a fairly large percentage of cus-
tomers on a single feeder, 1t can participate 1n VVO and other
orid control programs. Additionally still, the GEU may take
over an entire distribution feeder, can coordinate 1ts solar PV
iverters for injecting/absorbing VARs, other VAR sources
and the LTC/LVR controls to realize the aforementioned plus
or minus about five percent range ol control, to maximize
profitability. The GEU may export and import power in the
ancillary market using the active demand control realized by
controlling the solar PV inverters.

[0097] The same approach that’s used by the GEU to maxi-
mize revenue can be used by consumers who are willing to
pay the iitial upfront cost of installing a solar PV panel and
are not iterested 1n a long term contract with the GEU to
reduce their energy bills. The consumer has a small range of
control over the voltage of their house essentially controlled
by the solar PV inverter. In this approach, the solar PV
iverter attempts to maximize energy production during the
day but keep voltage as low as possible with available (ab-
sorbing) VARS, while minimizing voltage throughout the
night by using (absorbing) as many VARS as allowed. That 1s,
the consumer generally wants to minimize load consumption
and maximize solar production. Thus, the goal of the con-
sumer 1s to minimize voltage. Generally, at lower voltages
everyday loads have lower losses.

[0098] Both the above approaches allows the consumer to
achieve up to approximately two to ten percent reduction 1n
energy bills just through solar PV mverter-based voltage con-
trol. This benefit 1s achieved all the time (twenty-fours/day
and seven days/week) even when the sun 1s not shining.
Accordingly, the consumer can utilize a 4 quadrant solar PV
iverter with an appropriate VAR control strategy, and can
command 1t to realize 1ts desired control objectives as
described herein.

[0099] As used herein, the term module might describe a
given unit of functionality that can be performed 1n accor-
dance with one or more embodiments of the present applica-
tion. As used herein, a module might be implemented utiliz-
ing any form of hardware, software, or a combination thereof.
For example, one or more processors, controllers, ASICs,

PLAs, PALs, CPLDs, FPGAs, logical components, software
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routines or other mechanisms might be implemented to make
up a module. In implementation, the various modules
described herein might be implemented as discrete modules
or the functions and features described can be shared in part or
in total among one or more modules. In other words, as would
be apparent to one of ordinary skill in the art after reading this
description, the various features and functionality described
herein may be implemented 1n any given application and can
be implemented 1n one or more separate or shared modules in
various combinations and permutations. Even though various
features or elements of functionality may be individually
described or claimed as separate modules, one of ordinary
skill 1n the art will understand that these features and func-
tionality can be shared among one or more common software
and hardware elements, and such description shall not require
or imply that separate hardware or software components are
used to implement such features or functionality.

[0100] Where components or modules of the application
are 1implemented in whole or 1 part using software, 1 one
embodiment, these software elements can be implemented to
operate with a computing or processing module capable of
carrying out the functionality described with respect thereto.
One such example computing module 1s shown 1n FIG. 23
which may be used to implement various features of the
system and methods disclosed herein. Various embodiments
are described 1n terms of this example-computing module
2300. After reading this description, 1t will become apparent
to a person skilled 1n the relevant art how to implement the
application using other computing modules or architectures.

[0101] Referring now to FIG. 23, computing module 2300
may represent, for example, computing or processing capa-
bilities found within a self-adjusting display, desktop, laptop,
notebook, and tablet computers; hand-held computing
devices (tablets, PDA’s, smart phones, cell phones, palmtops,
etc.); workstations or other devices with displays; servers; or
any other type of special-purpose or general-purpose com-
puting devices as may be desirable or appropriate for a given
application or environment. For example, computing module
2300 may be one embodiment of the data acquisition and
control module of FIG. 23, a distributed VAR source device,
and/or one or more functional elements thereol. Computing
module 2300 might also represent computing capabilities
embedded within or otherwise available to a given device. For
example, a computing module might be found 1n other elec-
tronic devices such as, for example navigation systems, por-
table computing devices, and other electronic devices that
might include some form of processing capability.

[0102] Computing module 2300 might include, for
example, one or more processors, controllers, control mod-
ules, or other processing devices, such as a processor 2304,
Processor 2304 might be implemented using a general-pur-
pose or special-purpose processing engine such as, for
example, a microprocessor, controller, or other control logic.
In the illustrated example, processor 2304 1s connected to a
bus 2302, although any commumnication medium can be used
to facilitate interaction with other components of computing
module 2300 or to communicate externally.

[0103] Computing module 2300 might also include one or
more memory modules, simply referred to herein as main
memory 2308. For example, preferably random access
memory (RAM) or other dynamic memory might be used for
storing mformation and instructions to be executed by pro-
cessor 2304. Main memory 2308 might also be used for
storing temporary variables or other intermediate information




US 2016/0094034 Al

during execution of mstructions to be executed by processor
2304. Computing module 2300 might likewise include a read
only memory (“ROM”) or other static storage device coupled
to bus 2302 for storing static information and instructions for
processor 2304.

[0104] The computing module 2300 might also include one
or more various forms of information storage mechanism
2310, which might include, for example, a media drive 2312
and a storage unit interface 2320. The media drive 2312 might
include a drive or other mechanism to support fixed or remov-
able storage media 2314. For example, a hard disk drive, a
solid state drive, a magnetic tape drive, an optical disk drive,
a compact disc (CD) or digital video disc (DVD) drive (R or
RW), or other removable or fixed media drive might be pro-
vided. Accordingly, storage media 2314 might include, for
example, a hard disk, an integrated circuit assembly, mag-
netic tape, cartridge, optical disk, a CD or DVD, or other fixed
or removable medium that is read by, written to or accessed by
media drive 2312. As these examples 1llustrate, the storage
media 2314 can 1include a computer usable storage medium
having stored therein computer software or data.

[0105] In alternative embodiments, information storage
mechanism 2310 might include other similar instrumentali-
ties for allowing computer programs or other instructions or
data to be loaded 1nto computing module 2300. Such 1nstru-
mentalities might include, for example, a fixed or removable
storage unit 2322 and an interface 2320. Examples of such
storage units 2322 and interfaces 2320 can include a program
cartridge and cartridge interface, a removable memory (for
example, a flash memory or other removable memory mod-
ule) and memory slot, a PCMCIA slot and card, and other
fixed or removable storage units 2322 and interfaces 2320 that
allow software and data to be transferred from the storage unit
2322 to computing module 2300.

[0106] Computing module 2300 might also include a com-
munications intertace 2324. Communications interface 2324
might be used to allow software and data to be transierred
between computing module 2300 and external devices.
Examples of communications interface 2324 might include a
modem or softmodem, a network interface (such as an Eth-
ernet, network interface card, WiMedia, IEEE 802.XX or
other interface), a communications port (such as for example,
a USB port, IR port, RS232 port Bluetooth® interface, or
other port), or other communications interface. Software and
data transierred via communications interface 2324 might
typically be carried on signals, which can be electronic, elec-
tromagnetic (which includes optical) or other signals capable
of being exchanged by a given communications interface
2324. These signals might be provided to communications
interface 2324 via a channel 2328. This channel 2328 might
carry signals and might be implemented using a wired or
wireless communication medium. Some examples of a chan-
nel might include a phone line, a cellular link, an RF link, an
optical link, a network intertace, a local or wide area network,
and other wired or wireless communications channels.

[0107] In this document, the terms “computer program
medium”™ and “computer usable medium”™ are used to gener-
ally refer to transitory or non-transitory media such as, for
example, memory 2308, storage unit 2320, media 2314, and
channel 2328. These and other various forms of computer
program media or computer usable media may be involved in
carrying one or more sequences of one or more instructions to
a processing device for execution. Such instructions embod-
ied on the medium, are generally referred to as “computer
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program code” or a “computer program product” (which may
be grouped 1n the form of computer programs or other group-
ings). When executed, such instructions might enable the
computing module 2300 to perform features or functions of
the present application as discussed herein.

[0108] Although described above in terms of various exem-
plary embodiments and implementations, 1t should be under-
stood that the various features, aspects and functionality
described 1n one or more of the individual embodiments are
not limited in their applicability to the particular embodiment
with which they are described, but mstead can be applied,
alone or 1n various combinations, to one or more of the other
embodiments of the application, whether or not such embodi-
ments are described and whether or not such features are
presented as being a part of a described embodiment. Thus,
the breadth and scope of the present application should notbe
limited by any of the above-described exemplary embodi-
ments.

[0109] Terms and phrases used 1n this document, and varia-
tions thereof, unless otherwise expressly stated, should be
construed as open ended as opposed to limiting. As examples
of the foregoing: the term “including” should be read as
meaning “including, without limitation™ or the like; the term
“example” 1s used to provide exemplary instances of the item
in discussion, not an exhaustive or limiting list thereof; the
terms ““a” or “an” should be read as meaning “at least one,”
“one or more” or the like; and adjectives such as “conven-
tional,” “traditional,” “normal,” “standard.” “known” and
terms of similar meaning should not be construed as limiting,
the 1tem described to a given time period or to an 1item avail-
able as of a given time, but 1instead should be read to encom-
pass conventional, traditional, normal, or standard technolo-
gies that may be available or known now or at any time 1n the
tuture. Likewise, where this document refers to technologies
that would be apparent or known to one of ordinary skill in the
art, such technologies encompass those apparent or known to
the skilled artisan now or at any time 1n the future.

[0110] The presence of broadening words and phrases such
as “one or more,” “at least,” “but not limited to” or other like
phrases 1n some instances shall not be read to mean that the
narrower case 1s intended or required 1n 1mnstances where such
broadening phrases may be absent. The use of the term “mod-
ule” does not imply that the components or functionality
described or claimed as part of the module are all configured
in a common package. Indeed, any or all of the various com-
ponents ol a module, whether control logic or other compo-
nents, can be combined in a single package or separately
maintained and can further be distributed in multiple group-
ings or packages or across multiple locations.

[0111] Additionally, the various embodiments set forth
herein are described 1n terms of exemplary block diagrams,
flow charts and other illustrations. As will become apparent to
one of ordinary skill 1n the art after reading this document, the
illustrated embodiments and their various alternatives can be
implemented without confinement to the 1llustrated
examples. For example, block diagrams and their accompa-
nying description should not be construed as mandating a
particular architecture or configuration.

What 1s claimed 1s:

1. A computer-implemented method for voltage and volt
ampere reactive (VAR) control of a power system, compris-
ng:
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determining net power drawn at a load;
determining a first price associated with power provided by
a first utility;

determining a second price associated with power provided

by at least a second utility; and

at least one of 1njecting and absorbing VARSs to increase or

decrease energy consumption based upon a comparison
between the determined net power drawn at the load, the
first price, and the second price.

2. The computer-implemented method of claim 1, wherein
the first price comprises a contracted price at which power
provided by the first utility to a consumer, and wherein the
second price comprises a current market price for power.

3. The computer-implemented method of claim 2, further
comprising determining whether the net power drawn at load
1S positive.

4. The computer-implemented method of claim 3, further
comprising determining whether the contracted price 1is
greater than the current market price 11 the net power drawn at
load 1s positive.

5. The computer-implemented method of claim 4, wherein
the 1njection of VARs comprises mjecting VARs such that a
voltage at a connection point of the load to a secondary side of
a service transformer 1s as close as possible to a maximum
permissible voltage 11 the contracted price 1s greater than the
current market price.

6. The computer-implemented method of claim 4, wherein
the absorption of VARs comprises absorbing VARSs such that
the voltage at a connection point of the load to a secondary
side of a service transformer 1s as close as possible to a
mimmum permissible voltage 11 the contracted price 1s less
than the current market price.

7. The computer-implemented method of claim 2, further
comprising determining whether the contracted price 1is
greater than the current market price 11 the net power drawn at
load 1s negative.

8. The computer-implemented method of claim 7, wherein
the absorption of VARs comprises absorbing VARSs such that
the voltage at a connection point of the load to a secondary
side of a service transformer 1s as close as possible to a
mimmum permissible voltage 1f the contracted price 1s
greater than the current market price.

9. The computer-implemented method of claim 7, wherein
the 1njection of VARs comprises mjecting VARs such that a
voltage at a connection point of the load to a secondary side of
a service transformer 1s as close as possible to a maximum
permissible voltage 11 the contracted price 1s less than the
current market price.

10. The computer-implemented method of claim 1,
wherein the 1mnjection of VARs occurs repeatedly 1n accor-
dance with a time period.

11. The computer-implemented method of claim 1,
wherein the injection of VARs 1s performed with a solar
inverter istalled and owned by the first utility.

12. The computer-implemented method of claim 1,
wherein solar 1mverter comprises a distributed VAR device

12
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operatively connected to a secondary side of a service trans-
former, has a distributed control algorithm, and implements
zero-droop voltage control.

13. The computer-implemented method of claim 1,
wherein the net power drawn at the load includes power
provided by the first utility and power provided by one or
more solar photovoltaic panels 1nstalled at a consumer loca-
tion.

14. A system, comprising:

at least one load distributed along and receiving power
from a feeder of a power gnd;

a solar power system installed at the at least one load,
wherein the solar power system generates solar power,
and wherein an inverter of the solar power system 1s
operative to at least one of 1nject and absorb VARSs to
increase or decrease energy consumption based upon a
comparison between a determined net power drawn at
the at least one load and a contracted price for the
received power and a current market price for power.

15. The system of claim 14, wherein VAR 1njections com-
prises mjecting VARSs such that a voltage at a connection point
of the at least one load to a secondary side of a service
transformer connected to the feeder 1s as close as possible to
a maximum permissible voltage 11 the net power drawn at the
at least one load 1s positive and the contracted price 1s greater
than the current market price.

16. The system of claim 14, wherein VAR absorption com-
prises absorbing VARs such that the voltage at a connection
point of the at least one load to a secondary side of a service
transiformer connected to the feeder 1s as close as possible to
a minimum permissible voltage if the net power drawn at the
at least one load 1s positive and the contracted price 1s less
than the current market price.

17. The system of claim 14, wherein VAR absorption com-
prises absorbing VARs such that the voltage at a connection
point of the at least one load to a secondary side of a service
transformer connected to the feeder 1s as close as possible to
a minimum permissible voltage if the net power drawn at the
at least one load 1s negative and the contracted price 1s greater
than the current market price.

18. The system of claim 14, wherein VAR 1njections com-
prises njecting VARSs such that a voltage at a connection point
of the at least one load to a secondary side of a service
transiformer connected to the feeder 1s as close as possible to
a maximum permissible voltage i1 the net power drawn at the
at least one load 1s negative and the contracted price 1s less
than the current market price.

19. The system of claim 14, wherein the inverter comprises
a distributed VAR device which operates utilizing a distrib-
uted control algorithm and implements zero-droop voltage
control.

20. The system of claim 14, wherein the net power drawn at
the load 1includes power provided by utility purchased from a
wholesale electricity market and sold to a consumer at the
contracted price and power provided by the solar power sys-
tem installed by the utility at the at least one load.
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